We tested whether the order in which males encounter females affects reproductive fitness in spotted salamanders ( Ambystoma maculatum ). Using mating chambers in the field, we allowed one male access to a female before a second male. We then used four microsatellite markers in paternity analyses of the resulting larvae. First males sired a significantly larger number of offspring than second males, suggesting that male reproductive success is greatly enhanced by early arrival at breeding ponds. Multiple paternity was common among clutches, and frequently larvae were assigned to unidentified males that had not been in the chambers. Sperm from these males had either been stored by females for a year or obtained more recently at other breeding sites.
Introduction
Male-male competition occurs in most animal species, and often results in the evolution of morphological and behavioural traits that increase male reproductive success (Andersson 1994; Verrell & Krenz 1998) . The evolutionary impact of male-male competition is likely to be large when many males compete in an aggregate mating system with a high ratio of males to receptive females, because the skewed sex ratio increases competition, raising the intensity of selection (Emlen & Oring 1977) . Competition sometimes involves a temporal element such that the order in which males encounter a female is highly significant, and results in variation in male fitness (Dzuik 1965; Briskie 1996; Cooper et al . 1996; Boomsma & Sundstrom 1998; Birkhead 2000; Kraaijeveld-Smit et al . 2002) . Because sexual selection can be a potent evolutionary force, determining the factors that control male reproductive success is central to understanding how mating systems have evolved (Reyer 1994) .
The spotted salamander ( Ambystoma maculatum ) is an ideal species for studying male-male competition because it is an aggregate breeder. Adults spend most of the year in underground temperate forest burrows, and migrate in early spring to vernal pools to mate (Figiel & Semlitsch 1990 ). The first males arrive at breeding sites one or two days before females (Bishop 1941; Hillis 1977) and males continue to arrive even after breeding females are present in the pond. Females in this species take longer to mature and may not reproduce every year (Flageole & Leclair 1992) ; therefore, males outnumber females at breeding sites by a factor of 1.6 -3.5 (e.g. Whitford & Vinegar 1966; Hillis 1977) . Breeding migrations in northern populations are highly synchronized, resulting in as few as two or three nights of intensive mating (Talentino & Landre 1991) . Once at the breeding sites, salamanders court in large groups on the pond floor (Arnold 1976) . The male-biased skew in sex ratio intensifies male-male competition, and males form large courting groups around any female entering the pond. Males in these breeding groups deposit, on average, 40 spermatophores over the course of one night (Arnold 1976) . Spermatophores are placed on twigs and leaf litter, and females entering a breeding aggregation pick up on average 18 spermatophores by squatting over them and removing the sperm caps with their cloacas (Arnold 1976) . Females store sperm in specialized spermathecae on the cloacal roof before internally fertilizing eggs, which they lay two to three days later (Petranka 1998; Sever & Brizzi 1998) .
In explosive breeding systems, there is the potential for extreme differences in reproductive success among males (Davies & Halliday 1979; Howard 1980) . Every male has at least a small probability of success, but presumably not every male fathers offspring. The determinants of male reproductive success and degree of reproductive skew in explosive breeding amphibians have thus far not been satisfactorily explored.
The spotted salamander mating period is highly compressed due to opposing selective pressures: breeding migrations cannot begin until ambient temperatures are high enough, but eggs must be laid early to allow larvae to develop and reach metamorphosis before the temporary ponds dry (Wells 1977; Rowe & Dunson 1995) . In mating systems in which timing is so critical, we would predict that the first males to arrive at the breeding grounds would have the highest reproductive success. If female choice is present, time of encounter should be an important factor when a female selects among males or their spermatophores. Even in the absence of female choice, order of encounter should still be important in determining male success, because already-mated females may be less receptive, or because stored sperm from earlier matings may successfully fertilize more eggs. Therefore, even if female choice cannot be distinguished from male-male competition, in explosive mating systems selection will strongly favour the early arriving males that first encounter females (Wells 1977; Sexton et al . 1986 ).
The dependence of male reproductive fitness on the order of encounter with a female is quite common. Sperm precedence based on order of mating has been documented for a variety of taxa from insects (Cooper et al . 1996; Boomsma & Sundstrom 1998; Birkhead 2000) to vertebrates (Dzuik 1965; Briskie 1996; Birkhead 2000; Kraaijeveld-Smit et al . 2002) . Alternatively, male fitness could vary if females prefer to mate primarily with the first male to which they have access, and are less eager to mate with subsequent males. Among salamanders, a first-male advantage has been observed in Taricha granulosa (Jones et al . 2002) , but the significance of arrival time for male reproductive success has not previously been investigated in ambystomatids.
In this study, we conducted a microsatellite-based paternity analysis of A. maculatum larvae resulting from field mating experiments that manipulated male mating order. Our experimental design allowed us to: (i) test the hypothesis that the first male at a mating site will sire more of a female's offspring than later males; (ii) examine the outcome of male-male competition when arrival times are equal, including the frequency of multiple paternity and paternity skew within a clutch; and (iii) examine female use of stored sperm and its implication for male fitness.
Materials and methods

Mating experiments
To test the hypothesis that the first male a female encounters at a mating site will sire more of her offspring than subsequent males, we set up experimental mating trios of breeding adults, in which two males were allowed to mate with a female, but one arrived at the mating site before the other. We also set up control trios, in which a female encountered two males simultaneously. To limit the number of males in each experiment, while still allowing matings to take place in the natural pond environment, we built 10 cylindrical mating chambers, modelled after those of Arnold (1976) . Each chamber was 50 cm in diameter and 32 -45 cm high. The tops and bottoms were constructed of a single layer of fine mesh aluminium screening; the sides had an inner layer of screening, and an outer layer of plastic fencing material for vertical support. We completely sealed all edges with allpurpose glue using a hot glue gun. Animals were added to and removed from the chambers via a plastic tube with a removable lid built into the top of each one.
During the 2001 breeding season, we collected breeding adults from Ringwood Pond, Tompkins County, New York, a vernal pool supporting a population of several hundred spotted salamanders (KR Zamudio unpublished data). The pond is the focus of a long-term population study and is surrounded by a drift fence with 25 pitfall traps evenly spaced along each side of the fence. The drift fence allowed us to collect animals as they arrived at the breeding site before they had mated in the pond that year. All adults were weighed, measured, and toe-clipped for individual identification. Toe clips were immediately preserved in 100% ethanol for later use in genetic analysis. For each chamber, we selected one female and two males with similar weights, to control for possible effects of male body size on mating success. We randomly designated one male from each pair to be the 'A' male and the other to be the 'B' male.
All mating experiments occurred on the nights of 12, 13, 21 and 22 April, 2001 . These dates were chosen because they immediately followed peak arrival nights at this breeding locality, providing enough spotted salamanders to make trios for every mating chamber. We lined the floors of the mating chambers with twigs and leaf litter to mimic natural substrate on the pond bottom, and set them in Ringwood Pond at a depth of ≈ 30 cm. Between 21.00 and 22.15 each night, we simultaneously added one female and two competing males to each control chamber. To each experimental chamber, we simultaneously added a female and the A male; two hours later, we added the second competing male, male B. All three animals remained in the chamber overnight. The following morning, ≈ 10 h after the beginning of the experiments, we removed all adults from the chambers, released the males, and brought the females to the laboratory to collect their eggs.
Females were maintained in plastic shoeboxes with dechlorinated, deionized water in an environmentally controlled room, where photoperiod was maintained at 12 : 12 h, and temperature ranged: 12-19 ° C. Shoeboxes were checked daily for the presence of gelatinous egg masses. Upon discovery, eggs were immediately removed, stored in 500-mL plastic containers with dechlorinated, deionized water, and checked daily for development. As the larvae hatched naturally from egg capsules, we preserved them at − 20 ° C in individual tubes for later paternity analysis. We assumed that egg mortality was random with respect to paternal mating order, and that any egg mortality due to inferior genotype would not indicate an advantage to experimental A or B males across all clutches. If this assumption is correct, hatched larvae constituted a random sample of all fertilized eggs.
Larval and adult genotyping
Preserved larvae and adult toe clips were digested in 450 µ L DNA lysis buffer (2.5 m m Tris, 8 m m NaCl, 0.1% SDS, 0.2 m m EDTA, 0.01% β -mercaptoethanol, 10 mg/mL RNAse) with proteinase K (0.21 mg for toes, 0.38 mg for larvae). Genomic DNA was purified using phenolchloroform organic clean-up followed by standard ethanol precipitation (Sambrook & Russell 2001) . Genomic extracts were diluted to 100 ng/ µ L, and used as templates for amplification of four microsatellite loci; in each amplification, the forward primer was fluorescently labelled with phosphoramidite dye for later visualization (Table 1 ; Wieczorek et al . 2002) . Polymerase chain reaction (PCR) products were diluted and electrophoresed on a 5% polyacrylamide gel on an ABI Prism 377 DNA Sequencer. Genotypes were sized with 500 TAMRA size standard using genescan Version 3.1 and genotyper Version 2.5 (Applied Biosystems).
Paternity analyses
Population allele frequencies and heterozygosities at each locus were calculated using adult genotypes, as they represented a random sample of the breeding population. We used a χ 2 test to confirm that all loci were in HardyWeinberg equilibrium. These calculations were performed using the program cervus Version 1.0 (Marshall et al . 1998; Slate et al . 2000) .
We assigned paternity to each larva using strict exclusion. Paternity could easily be assigned by simple examination of all genotypes because there were only two potential fathers in each chamber. Paternity for an individual larva was assigned to one of the two males in its mother's chamber if their genotypes were 100% concordant at all loci; if an offspring's genotype mismatched both males in the chamber at one or more loci, the offspring was attributed to an unknown, third male, and assumed to be a product of fertilization via stored sperm. Exclusion assumes no mutation or genotyping error, and therefore provides a more a conservative estimate of paternity than other methods such as maximum likelihood assignment (Marshall et al . 1998; Slate et al . 2000) . Given our experimental design that requires discrimination between only two males, we chose to use only exclusion in paternity analyses. However, because exclusion attributes all mismatching larvae to stored sperm, it does not provide a conservative estimate of stored sperm use. Therefore, we estimated the number of larvae sired by stored sperm in two ways. First, we assumed that all larvae mismatching both males at one or more loci were sired by stored sperm. In a second, more restrictive analysis, we attributed to stored sperm only larvae that mismatched both males at two or more loci under the assumption that genotyping errors and /or mutations are unlikely to result in multiple mismatches with both males.
The total number of larvae sired by A and B males was calculated for each experimental and control chamber, and the total experimental and control distributions were evaluated using χ 2 tests. We also estimated the mean proportions of larvae sired by A males, larvae sired by B males, larvae hatched from eggs fertilized by stored sperm, and larvae whose father could not be determined, for control and experimental clutches separately. Finally, the mean proportions of larvae sired within each clutch by first and second males were compared using a paired t -test, again for control and experimental chambers separately. To account for the effect of small samples due to high egg mortality within some clutches, we repeated all calculations using only clutches that contained at least three larvae. Frequencies of offspring sired via stored sperm were calculated for individual clutches, all Table 1 Characteristics of four microsatellite loci used to assess paternity in this study. Allele sizes (in base pairs of amplified product), observed (H O ) and expected (H E ) heterozygosities, and exclusion probability for a second parent with one parent assigned (Excl) are listed for each locus. Total exclusionary power is 0.891 for all four loci combined In a separate analysis, we calculated the per-clutch difference in proportion of larvae sired by the more successful male and the less successful male, for control chambers and experimental chambers. These values of reproductive skew were compared using a Mann-Whitney U -test. In addition, to test whether the observed degree of reproductive skew differed from random expectations, we simulated 13 clutches (with the same numbers of larvae as our controls) in which larvae were assigned randomly to one of two males. We then compared our empirical measures of reproductive skew in control chambers with the simulated values using a Mann-Whitney U -test. Combined, these two analyses tell us whether differences among competing males in proportion of larvae sired are significantly different from chance and whether they differ between control and experimental treatments.
To test if females used stored sperm more readily later in the mating season, we plotted the proportion of larvae sired by stored sperm in each clutch (arcsine transformed; Sokal & Rohlf 1995) against the night each female was mated (night 1, 2, 3 or 4). Smaller clutches may less accurately reflect the proportion of larvae sired by stored sperm; therefore, we also used weighted regression plots in which stored sperm frequency for each clutch was weighted by the inverse of its standard error. When clutches contained only one larva we assumed a conservative standard error of 1.0. In cases where observed sperm storage frequency was 0 or 100%, these proportions were estimated to be (3/8)/( n + 3/4) or ( n + 3/8)/( n + 3/4), respectively, for the purpose of calculating standard error, where n is the number of larvae in the clutch (Ott & Longnecker 2001) . We assumed a significance value of α = 0.05 for all statistical tests.
Results
Numbers of larvae and alleles
Thirty-nine females were brought to the laboratory to lay eggs. Most eggs (85%) were laid within four days of mating, although females continued to lay eggs up to 18 days post mating. None of the eggs laid more than five days after mating hatched. Ten females did not produce any larvae, and the 29 remaining females laid a total of 3344 eggs, of which 223 hatched. Some eggs that did not hatch may have been unfertilized; for fertile eggs, embryo mortality was due primarily to fungal infection. Mortality rates of over 90% are comparable to natural field egg mortality rates (Stenhouse 1987; Savage & Zamudio in press) . Three small clutches were excluded from further analysis because at least one parent's genotype could not be determined at more than one locus. The remaining 26 clutches contained a total of 219 larvae and were fully genotyped and analysed. Of these, 13 were experimental (E1-E13) and 13 were controls (C1-C13).
All loci were highly polymorphic across individuals in our experiments. The number of alleles detected at each locus ranged from seven to nine (Table 1 ). All loci meet the expectations of Hardy-Weinberg equilibrium ( Ama11-2B : χ 2 = 1.24, d.f. = 1, P > 0.1; Ama9-4 : χ 2 = 0.01, d.f. = 1, P > 0.1; Ama4-10 : χ 2 = 1.20, d.f. = 1, P > 0.1; Ama5-1 : χ 2 = 0.14, d.f. = 1, P > 0.1). The total exclusionary power of our four loci combined was 0.891. There were 16 cases (of 876 larval genotypes) when alleles at a larval locus did not match either allele at the mother's locus, presumably due to mutation, genotyping error or the presence of a null allele. Thus, the observed error/mutation rate is 1.8%; the actual error rate may be slightly higher because some errors and/ or mutations may not have been detected.
Early male advantage
Results from our exclusion-based analysis show conclusively that the first (A) males introduced in the experimental mating chambers sired a significantly higher total number of larvae than the second (B) males ( χ 2 = 25.6, d.f. = 1, P < 0.0001; Table 2 ). A total of 36 larvae are assigned to the 9 experimental A males that sired offspring, whereas only 4 larvae are assigned to the single experimental B male that had reproductive success ( Table 2 ). The mean proportion of larvae sired by experimental A males (mean ± SE = 0.46 ± 0.12) was significantly higher than the mean proportion of larvae sired by experimental B males (mean ± SE = 0.05 ± 0.05; Fig. 1 ). Finally, the frequencies of larvae Fig. 1 Mean (± SE) proportion of larvae sired by first (A) males, second (B) males and stored sperm, and larvae with undetermined paternity (undet.), in control (left) and experimental (right) mating chambers. The proportion of larvae sired by stored sperm was estimated in two ways: (i) all larvae that mismatch both potential fathers at one or more loci (entire bar, including dark and light sections), and (ii) only those larvae that mismatch both potential fathers at two or more loci (dark section). Experimental first males sire a significantly higher proportion of larvae in a female's clutch than do experimental second males. Differences between male paternity rates are not evident in control chambers when both males court females simultaneously.
sired by A and B males in experimental chambers differed significantly when these proportions were paired by clutch (paired t -test; mean difference = 0.442, d.f. = 12, P < 0.05).
In control chambers, A males did not sire a significantly different number of larvae than B males ( χ 2 = 2.118, d.f. = 1, P > 0.1; Table 2 ). The mean proportion of larvae sired by control A males (mean ± SE = 0.28 ± 0.10) was not significantly different from the mean proportion of larvae sired by control B males (mean ± SE = 0.26 ± 0.10; Fig. 1 ). Pairing proportions by clutch also did not yield a significant difference (paired t -test; mean difference = 0.024, d.f. = 12, P > 0.1).
Clutches E7, E9, C1, C7 and C10 each contain only one or two larvae, and therefore may not accurately reflect the proportion of eggs fertilized by sperm from each male. In a second set of analyses, we excluded these five clutches and repeated all statistical tests. The results are identical in that the experimental A males significantly outcompete the experimental B males, regardless of which statistical test is used ( P < 0.05 for all χ 2 and t -tests). In control chambers, A males do not sire a significantly different number of offspring than B males ( P > 0.05 for all χ 2 and t -tests). Thus, the error inherent in estimating proportions from small clutches does not significantly affect our results.
Body size has been implicated as one potential determinant of male fitness in aggregate breeders (Howard 1980) . We controlled for this effect by closely matching competing males in size. The mean weight difference between Table 2 Total number of larvae genotyped from each clutch (N), and the number of larvae assigned to each male by strict exclusion (n). Larvae with genotypes not matching either potential father, and therefore sired by stored sperm, are separated into two categories: those that mismatch at one locus only, and those with mismatches at multiple loci. Our more lenient assignment of larvae to stored sperm will be equal to the sum of these two categories; our more conservative assignment includes only larvae mismatching at more than one locus (second category). A few larvae match both potential fathers at all four loci and are thus classified as undetermined paternity 9  0  2  6  0  1  C10  2  0  2  0  0  0  C11  11  1  0  7  3  0  C12  8  3  0  2  3  0  C13  7  0  7  0  0  0  Control total  140  40  28  46  24  2   Grand total  219  76  32  59  47  5 competing males was 0.3 g (range, 0.0 -0.7 g), ≈ 2% of average male body weight for this population. Analysing only control chambers to remove any temporal effect, the proportion of larvae sired by the slightly larger male in each chamber was not significantly different than the proportion sired by the smaller male (paired t -test, mean difference = 0.103, d.f. = 11, P > 0.1).
Multiple paternity
In control chambers, even though A and B males contributed equally on average to paternity of larvae, the two competing males did not necessarily contribute equally to each clutch. The average difference per clutch in the proportion of larvae sired by the more and less successful males was 41% (SE = 0.107) for control chambers and 54% (SE = 0.118) for experimental chambers. Differences in siring success between competing males in control chambers did not differ significantly from random expectations (estimated by comparison with simulations of randomly sired clutches, Mann-Whitney U -test, U = 72.0, P > 0.1). Likewise, degree of reproductive skew between the more and less successful males did not differ significantly between the experimental and control chambers (Mann-Whitney U -test, U = 72.5, P > 0.1).
Both the A and the B male sired offspring in 4 of the 13 control clutches, whereas in experimental clutches paternity was never shared by A and B males. When males represented by stored sperm are included, 13 of the 26 clutches (experimentals and controls combined) showed evidence of multiple paternity (Table 2 ). This includes the eight largest clutches, which implies that some clutches that appeared to be sired by a single male might simply have been too small to demonstrate the genetic contribution of every male. Therefore, this estimate of multiple paternity is certainly an underestimate of rates in the wild (DeWoody et al. 2000a,b) .
Sperm storage
The percentage of larvae assigned to extra-chamber males, and therefore sired by stored sperm, depends on the mismatch threshold used. Using the less conservative estimate, 48% of larvae (control and experimental matings combined) have one or more mismatches with each of the two males, and therefore were presumably fathered by unknown males; this includes 46% of experimental larvae and 50% of control larvae. Using the more conservative threshold which requires two or more mismatches with each male in the chamber to assign larvae to stored sperm, these percentages are reduced: 21% of larvae are sired by stored sperm, including 29% of experimental larvae and 17% of control larvae. Both analyses yield similar results if the mean proportion of larvae sired by stored sperm is calculated on a per clutch basis for all clutches, or for experimental and control clutches separately (Fig. 1) . In experimental chambers, the number of larvae sired by A males was not significantly different from the number of larvae sired by stored sperm, regardless of whether we require only one mismatch per larva (χ 2 = 0, d.f. = 1, P > 0.1) or two (χ 2 = 1.462, d.f. = 1, P > 0.1).
We counted the number of unique paternal alleles of larvae in each clutch that had at least one mismatch with each male, to determine if more than one male may be represented in the stored sperm each female had used to fertilize her eggs. If three or more unique paternal alleles were present at a locus in larvae assigned to males outside the chamber, we concluded that stored sperm must have come from more than one male. Allele counts for 6 of our 26 clutches suggested that females entered mating chambers with stored sperm from more than one male.
Our experiments took place over four breeding nights. To test for a temporal effect on use of stored sperm, we plotted the proportion of larvae sired by stored sperm in each clutch (arcsine transformed) against the night in which each experiment took place (Fig. 2) . We performed both unweighted and weighted regression plots. Weighted plots take into account the possibility that large clutches Fig. 2 The proportion of larvae in each clutch sired via stored sperm from an unknown male (arcsine transformed) varies significantly with night of mating for experimental chambers (lower, R 2 = 0.405, P < 0.05), but not control chambers (upper, R 2 = 0.01, P > 0.05). more accurately reflect the proportions of eggs fertilized by stored sperm. For these plots, we assumed that larvae mismatching both males at any number of loci were sired by stored sperm. We found a highly significant positive correlation between breeding night and proportion of larvae sired by stored sperm in experimental chambers (unweighted: R 2 = 0.405, P < 0.05, Fig. 2 ; weighted: R 2 = 0.361, P < 0.05, not shown); experimental females were more likely to use stored sperm to fertilize their eggs if they were mating later in the season. Among control chambers, this trend was not evident and females used stored sperm at equal rates during the course of the season (unweighted: R 2 = 0.01, P > 0.1, Fig. 2 ; weighted: R 2 = 0.00, P > 0.1, not shown).
Discussion
Early male advantage
Our results demonstrate a strong fitness advantage to early arriving spotted salamander males, and may explain in part the early migration of males to ponds. The advantages of early arrival presumably outweigh the potential risk of mortality due to freezing during early spring temperature fluctuations (Madison 1997) . The possibility of pond desiccation prior to metamorphosis due to the limited hydroperiod of vernal pools is an important selective force promoting early egg-laying (Rowe & Dunson 1995) . However, because oviposition is decoupled from insemination in this species, selection for early egg-laying does not necessarily imply selection on males for early mating. The offspring of all males with which a female mates will hatch at approximately the same time, regardless of mating order. Our data suggest that males are sexually selected to arrive and mate early.
Multi-year studies of population migration patterns suggest that male spotted salamanders arrive at ponds in the same order year after year (Stenhouse 1985; Phillips & Sexton 1989) . Thus, some male characteristic, rather than chance, may allow certain males to arrive before others. Early males may be more sensitive to environmental cues signalling the spring thaw (Harris 1980; Sexton et al. 1990) or they may hold territories closer to the pond. Adult male spotted salamanders defend burrows from intraspecific competitors (Ducey & Ritsema 1988) , so more dominant or fit males might claim the most desirable territories near the pond. If these characteristics influencing arrival time are heritable, then the offspring of a female that mates with an early arriving male may arrive early at breeding sites themselves. Thus, selection would favour female preference for early males, and genes promoting early arrival in males would become increasingly advantageous. In this way, natural selection for early egg-laying would ultimately cause sexual selection for early mating.
Alternatively, even in the absence of female choice, the reproductive costs of waiting for an ideal male may outweigh the benefits, causing females to simply pick up the first sperm they encounter. If sperm from the first male a female encounters fills most of her spermathecae, this could also explain the selective advantage to early males (Jones et al. 2002) .
Our data show that despite an advantage to early males in our experimental design, they did not sire a significantly higher proportion of larvae in each clutch than the most successful males in a typical (control) clutch. Therefore, early male advantage comes from more often being the successful sire of the clutch and not from increased success in number of offspring within a clutch. Reproductive skew between males occurs normally in this system, even in situations where males are courting simultaneously. The fact that the distribution of sires in control chambers does not differ significantly from random expectation suggests that other possible determinants of male reproductive success (e.g. courting vigour, age, and other possible uncontrolled variables in our experimental design) did not have a large effect on reproductive skew.
Regardless of the mechanism, we have demonstrated a strong early male advantage even within a short time of 2 h. This result has important implications for explosive breeders because adults continue to arrive at breeding sites throughout the night, a period of ≈ 10 h. Males arriving early in the evening have a considerable advantage over later males as long as females are present.
Multiple paternity
In our experiment, with only one exception (clutch E8), early males always outcompeted later males. Thus, a male who courts an already-mated female has a chance of fertilizing her eggs, but this chance is very small when compared to that of earlier males. Despite this reproductive skew, multiple paternity occurred in most of our clutches because of sperm storage, and likely occurs in natural mating aggregations. Females may benefit from using sperm of multiple males for several reasons, including the risk of genetic incompatibility with mates, the risk of sperm limitation (Sever et al. 1999) , and the advantage afforded by producing genetically heterogeneous offspring (Newcomer et al. 1999; Birkhead 2000) .
Sperm storage
The females in our mating chambers had presumably not mated for a year or more, yet even the conservative analysis (requiring two or more mismatches per larva) indicates that at least 11 females carried stored sperm and produced offspring sired by alternate males. One possible explanation for this is that female Ambystoma maculatum are capable of storing sperm from one mating season to the next. Because internal fertilization is decoupled from mating, females must store sperm for at least short periods in spermathecae (Sever & Brizzi 1998) . Histological analyses of A. opacum spermathecae suggest that sperm are not stored more than 6 months (Sever et al. 1995; Sever & Brizzi 1998) ; however, the length of time that viable sperm can survive in the female genital tracts of A. maculatum is unknown. One study suggests that Salamandra salamandra can store sperm for over 2 years (Baylis 1939) , and Desmognathus ochrophaeus retains sperm in the spermathecae after oviposition, and thus has the potential for long-term sperm storage (Houck & Schwenk 1984) . Although we cannot conclusively demonstrate that spotted salamanders can store sperm for a year, it is a feasible and likely interpretation of our results.
An alternative explanation for extra-chamber sires is that females in our study mated in neighbouring ponds that support breeding populations, prior to arriving at Ringwood Pond. Ambystoma hibernate less than 165 m from their breeding grounds (Semlitsch 1998) , and some smaller ponds adjacent to our study site are within this range. However, despite extensive radiotelemetry and mark-recapture studies of spotted salamanders (e.g. Husting 1965; Whitford & Vinegar 1966; Williams 1973; Douglas & Monroe 1981; Kleeberger & Werner 1983; Sexton et al. 1986; Madison 1997) , adults have never been observed breeding at more than one pond in the same season. For example, Husting (1965) marked 1244 adults from a single pond over a period of 5 years; in the final year of his study he surveyed 10 neighbouring ponds within the same woodlot and captured ≈ 100 adults, none of which were marked. Likewise, Whitford & Vinegar (1966) toeclipped a population of 155 adults over the course of 3 years; despite extensive capture efforts at neighbouring ponds within a half-mile radius, they found no marked individuals. These data suggest that adults exhibit high site fidelity. In fact, translocated animals often bypass foreign ponds and may return to their home breeding sites (Shoop 1968) . Thus, although we cannot rule out the possibility that females picked up spermatophores at other ponds, field studies suggest that this is not a common behaviour.
Finally, it is possible that females trespassed the drift fence into the pond, mated, trespassed back out and then were captured in an outside pitfall trap before being used in our experiments. Trespassing is a common problem in pitfall arrays (e.g. Sexton et al. 1986) , and in fact a small segment of our fence flooded during the 2001 breeding season. However, a large proportion (at least 42%) of our study females produced offspring sired via stored sperm; it is unlikely that females entered and exited the pond undetected often enough to produce the high frequencies of extrachamber sires observed.
Experimental females collected later in the mating season used stored sperm more readily to fertilize their eggs (Fig. 2) . If females mated at other ponds prior to visiting Ringwood, then late-arriving females had more time do so. Alternatively, if female spotted salamanders choose mates using early arrival as a major criterion, then females arriving later in the season would not favour males encountered at the breeding site, due to the possibility that they are also late arrivers. These females would be more likely to use stored sperm, regardless of whether it came from another pond or whether it had been stored from a previous year.
Our data suggest that sperm storage is a common phenomenon in spotted salamanders (Fig. 1) . This study was not designed to empirically determine the frequency of stored sperm use in the wild; however, we estimate that 48% (using all mismatching larvae) or 21% (using only those larvae with multiple mismatches) of larvae were sired by stored sperm. Although genotyping error or mutation could account for some mismatches, they are unlikely to account for all larvae that mismatch at only one locus. The observed error/mutation rate was only 1.8%; therefore, the actual proportion of larvae sired via stored sperm is likely to be somewhere between these two extremes, but closer to the higher estimate.
Stored sperm represents serious competition to all courting males. Combined, males that sired offspring via stored sperm were as successful as the first males in experimental chambers (Fig. 1) . However, stored sperm within each female may have represented the contributions of several males; thus, sperm from each A male, on average, probably outcompeted sperm from any other single male. Early arriving males are the most successful in a reproductive bout, despite the decrease in fitness that results from a female's use of stored sperm.
Our experimental design does not allow us to distinguish between female choice of early males (intersexual selection) and first-male success due exclusively to male competition (intrasexual selection). However, several unexpected results imply that females exert some control over paternity. Among experimental animals, we found a relationship between use of stored sperm and time of mating, such that late-mated females used more stored sperm (Fig. 2) . However, control that had females, had two males to choose from throughout the night, did not exhibit this trend. One possible explanation for this is that females require at least two males to make a 'choice.' In control chambers, two males were present from the start, and females more often 'ignored' stored sperm. In experimental chambers, females had two hours in which they might have compared the single A male with males represented in stored sperm, using time of encounter and perhaps other factors as criteria. Future studies should focus specifically on the consequences of female choice for male reproductive success in this mating system. Male reproductive fitness in the spotted salamander is dependent on several interacting factors. The first male a female encounters in a mating season might compete against later males, males whose sperm was stored from a previous year or another mating site, and males with whom the female mates the following year. This first male sires a significantly larger proportion of a female's offspring than any subsequent male, but paternity is not exclusive and later males and stored sperm also sire some larvae. The formula dictating how many offspring each male in a population will sire is still unknown, but we have shown that a male can increase his fitness by mating early in the season.
